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“Snowmass” is the planning exercise  focus on future facilities ⇒
— identify key reference measurements to compare facilities 

— highlight strong and weak aspects / complementarity in Physics reach

— chance to develop analysis tools / approaches, but secondary  

CP-violating H(125) couplings provide such a reference 

— potential baryogengesis connected to the Higgs sector  

— complementarity to the EDM measurements

—   have their unique features in CP of H(125)pp, e+e−, γγ, μ+μ− ( s)

— well-defined stand-alone reference measurement

— input to the global EFT fits, which currently focus on CP-even Operators

— tiny in the SM, excellent null-test 
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Run-1: Quantum Numbers of H(125)0
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Higgs Working Group Report of the Snowmass-2013 Community Planning Study
Chapter 1.4 devoted to spin and CP: arXiv:1310.8361 

1.4 Study of CP -mixture and spin 33

than 10�6. This study is based on assumption of 250 fb�1 at 250 GeV and 20 fb�1 at each of three energy
points below.

Table 1-26. List of expected precision of spin and CP -mixture measurements. Spin significance is quoted

for one representative model of minimal coupling KK graviton J
P

= 2
+
m. For various e↵ective couplings,

precision is quoted on CP -odd cross-section fraction, such as fa3 defined for H ! ZZ
⇤
. Target precision

is estimated to be < 10
�5

for the modes with pseudoscalar coupling expected to be suppressed by a loop

(ZZH and WWH), while it is estimated to be < 10
�2

for fermion couplings and vector boson couplings

suppressed by a loop for both scalar and pseudoscalar (ggH, ��H, Z�H). Numerical values are given where

reliable estimates are provided, � mark indicates that some studies are done and measurement is in principle

possible or feasibility of such a measurement could be considered.

Collider pp pp e
+
e
�

e
+
e
�

e
+
e
�

e
+
e
�

�� µ
+
µ
� target

E (GeV) 14,000 14,000 250 350 500 1,000 126 126 (theory)

L (fb�1) 300 3,000 250 350 500 1,000 250

spin-2+
m

⇠10� �10� >10� >10� >10� >10� >5�

V VH
† 0.07 0.02 � � � � � � < 10�5

V VH
‡ 4·10�4 1.2·10�4 7·10�4 1.1·10�4 4·10�5 8·10�6 – – < 10�5

V VH
3 7·10�4 1.3·10�4 � � � � – – < 10�5

ggH 0.50 0.16 – – – – – – < 10�2

��H – – – – – – 0.06 – < 10�2

Z�H – � – – – – – – < 10�2

⌧⌧H � � 0.01 0.01 0.02 0.06 � � < 10�2

ttH � � – – 0.29 0.08 – – < 10�2

µµH – – – – – – – � < 10�2

† estimated in H ! ZZ
⇤ decay mode

‡ estimated in V
⇤
! HV production mode

3 estimated in V
⇤
V

⇤
! H (VBF) production mode

The CP mixture study at an e
+
e
� collider was shown based on 500 fb�1 at a centre-of-mass energy of

350 GeV and mH = 120 GeV [67]. Recent studies [123–125] compare expected performance of an e
+
e
�

collider and LHC. Precision on CP -odd cross-section fraction of 0.036 (0.044) is obtained at 250 GeV (500
GeV) scenarios. However, these fractions correspond to di↵erent fCP values in the H ! ZZ decay, due to
di↵erent relative strength of CP -odd and CP -even couplings. The corresponding precision on fCP is 0.0007
(0.00004) [123–125], assuming that no strong momentum dependence of couplings occurs at these energies.

A promising channel to study CP violation is the decay H ! ⌧
+
⌧
�. Spin correlations are possible to use in

the ⌧ decay. For example, the pion is preferably emitted in the direction of the ⌧ spin in the ⌧ rest frame.
These studies are performed in the clean e

+
e
� environment, while it is extremely di�cult in proton collisions.

Several studies have been performed, in the decays ⌧ ! ⇡⇡⌫ [127, 128], and all final states [129–131]. All
studies agree on a similar precision of about 5� for the typical scenarios in Table 1-26. The above estimate
translates to approximately 0.01 precision on fCP . The precision becomes somewhat worse with increased
collider energy due to reduced ZH production cross-section, and this technique relies on the knowledge of
the Z vertex. A recent study [128] indicates that with 3000 fb�1 at LHC, the CP phase could be measurable
to an accuracy of about 11�.

Community Planning Study: Snowmass 2013

spin=0 established by now

—   have their unique features in CP of H(125)pp, e+e−, γγ, μ+μ− ( s)

https://arxiv.org/abs/1310.8361
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than 10�6. This study is based on assumption of 250 fb�1 at 250 GeV and 20 fb�1 at each of three energy
points below.
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+
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precision is quoted on CP -odd cross-section fraction, such as fa3 defined for H ! ZZ
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(ZZH and WWH), while it is estimated to be < 10
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⌧⌧H � � 0.01 0.01 0.02 0.06 � � < 10�2

ttH � � – – 0.29 0.08 – – < 10�2
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† estimated in H ! ZZ
⇤ decay mode

‡ estimated in V
⇤
! HV production mode

3 estimated in V
⇤
V

⇤
! H (VBF) production mode

The CP mixture study at an e
+
e
� collider was shown based on 500 fb�1 at a centre-of-mass energy of

350 GeV and mH = 120 GeV [67]. Recent studies [123–125] compare expected performance of an e
+
e
�

collider and LHC. Precision on CP -odd cross-section fraction of 0.036 (0.044) is obtained at 250 GeV (500
GeV) scenarios. However, these fractions correspond to di↵erent fCP values in the H ! ZZ decay, due to
di↵erent relative strength of CP -odd and CP -even couplings. The corresponding precision on fCP is 0.0007
(0.00004) [123–125], assuming that no strong momentum dependence of couplings occurs at these energies.

A promising channel to study CP violation is the decay H ! ⌧
+
⌧
�. Spin correlations are possible to use in

the ⌧ decay. For example, the pion is preferably emitted in the direction of the ⌧ spin in the ⌧ rest frame.
These studies are performed in the clean e

+
e
� environment, while it is extremely di�cult in proton collisions.

Several studies have been performed, in the decays ⌧ ! ⇡⇡⌫ [127, 128], and all final states [129–131]. All
studies agree on a similar precision of about 5� for the typical scenarios in Table 1-26. The above estimate
translates to approximately 0.01 precision on fCP . The precision becomes somewhat worse with increased
collider energy due to reduced ZH production cross-section, and this technique relies on the knowledge of
the Z vertex. A recent study [128] indicates that with 3000 fb�1 at LHC, the CP phase could be measurable
to an accuracy of about 11�.

Community Planning Study: Snowmass 2013

—   have their unique features in CP of H(125)pp, e+e−, γγ, μ+μ− ( s)
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comparison across facilities 

parameters of interest

CPV from Snowmass-2013

Chapter 1.4 devoted to spin and CP: arXiv:1310.8361 

Higgs Working Group Report of the Snowmass-2013 Community Planning Study

https://arxiv.org/abs/1310.8361
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Targeted CP-sensitive Couplings

H g

x
(same for )H → γγ, Zγ

CP-even    & CP-odd   couplingsagg
2 agg

3
         &      agg

2 = − αsκQ/(6π) agg
3 = − αsκ̃Q/(4π)e.g. fermion loop

H f

2

2 Parameterization of anomalous couplings and cross sections48

In this paper, we consider several production mechanisms of the H boson, enumerated with49

the index j in the following, such as gluon fusion ggH, vector boson fusion VBF, associated50

production with a weak vector boson ZH and WH, with a top-quark pair ttH, with a single top51

quark tH, and with a bottom-quark pair bbH [58]. The primary decay channel used is H ! 4`,52

but we combine results with the recent measurements in the H ! gg channel [26]. The goal53

of this paper is to search for CP violation, and more generally anomalous couplings of the H54

boson, in its interactions with vector bosons HVV and fermions Hff in all these production55

and decay processes. These new sources of CP violation and anomalous tensor structures of56

interactions may arise from BSM effects.57

We focus on on-shell H boson measurements. The extension to the off-shell region is consid-58

ered in Ref. [17], where joint constraints on the H boson total width GH and its couplings are59

obtained. Therefore, in the narrow-width approximation, we parameterize the on-shell cross60

section for the production (prod) j and decay (dec) following Ref. [59] as61

s
prod
j

⇥ Bdec µ

⇣
Âil a

(prod j)
il

aial

⌘ ⇣
Âmn a(dec)

mn aman

⌘

GH
, (1)

where ai, defined in detail below, are the real couplings describing the Hff or HVV interac-62

tions. The coefficients a
j

il
are in general functions of kinematic observables for the differential63

cross section distributions and are modeled with simulation, as discussed in Sec. 3. The total64

width GH depends on the couplings ai and potentially on the partial decay width to unobserved65

or invisible final states, and this dependence has to be taken into account when interpreting66

cross section measurements in terms of couplings. However, we choose to parameterize our67

measurements in terms of the total signal strength of a given process and the fractional con-68

tribution of each coupling ai. The total signal strength is equivalent to a measurement of the69

total cross section, and all the GH dependence is absorbed into this dimension. In this way, the70

fractional cross-section contributions of the couplings directly represent the observable effects71

while avoiding the complication of cross section interpretation.72

Anomalous effects in the H boson couplings to fermions, such as in ttH and bbH production73

and to some extent in the tH production, can be parameterized with the amplitude74

A(Hff) = �mf
v

ȳf (kf + i k̃fg5)yf , (2)

where ȳf and yf are the fermions’ Dirac spinors, mf is the fermion mass, and v is the SM Higgs75

field vacuum expectation value. In the SM, the couplings have the values kf = 1 and k̃f = 0.76

The presence of both CP-even kf and CP-odd k̃f couplings will lead to CP violation. It has been77

shown that in an experimental analysis of the bbH process it is not possible to resolve the kf78

and k̃f couplings, but it is possible in the ttH and tH processes [57], which we explore in this79

paper.80

Anomalous effects in EW (VBF, ZH, and WH) and gluon fusion production, H ! VV decay,81

and to some extent in tH production, are described by the HVV couplings. The scattering82

amplitude describing the interaction between a spin-zero H boson and two spin-one gauge83

CP-even CP-odd

Target      couplings HVV, Hgg, Hff

Look at effective couplings, either within EFT or not 
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Targeted CP-sensitive Parameters
Somewhat more complicated with V=Z,W

H V1

V2

  qV1

2. Parameterization of anomalous couplings and cross sections 3

bosons V1V2, such as ZZ, Zg, gg, WW, gg, is written as84

A(HVV) =
1
v

2

64a
VV
1 +

kVV
1 q

2
V1 + kVV

2 q
2
V2�

LVV
1
�2 +

kVV
3 (qV1 + qV2)

2

⇣
LVV

Q

⌘2

3

75m
2
V1e⇤V1e⇤V2

+
1
v

a
VV
2 f

⇤(1)
µn f

⇤(2),µn +
1
v

a
VV
3 f

⇤(1)
µn f̃

⇤(2),µn , (3)

where f
(i)µn = e

µ
Vi

q
n
Vi
� en

Vi
q

µ
Vi

, f̃
(i)
µn = 1

2 eµnrs f
(i),rs, and eVi, qVi, and mVi are polarization vector,85

four-momentum, and pole mass of a gauge boson i = 1, 2, and L1 and LQ are the scales of BSM86

physics.87

Since in our analysis is not possible to disentangle the top-quark, bottom-quark, and any other88

heavy BSM particle contribution to the gluon fusion loop, we parameterize the Hgg coupling89

with only two parameters CP-even a
gg
2 and CP-odd a

gg
3 , which absorb all SM and BSM loop90

contributions. In Eq. (3), the only tree-level contributions in the SM are a
ZZ
1 6= 0 and a

WW
1 6= 0,91

In the following we assume custodial symmetry a
ZZ
1 = a

WW
1 , and in the SM, a

ZZ
1 = a

WW
1 = 2.92

The rest of the ZZ and WW couplings are considered anomalous contributions, which are93

either small contributions arising in the SM due to loop effects or new BSM contributions.94

Among the anomalous contributions, considerations of symmetry and gauge invariance re-95

quire kZZ
1 = kZZ

2 and a
Zg
1 = a

gg
1 = a

gg
1 = kgg

1 = kgg
2 = k

gg
1 = k

gg
2 = kZg

1 = kVV
3 = 0.96

Therefore, there are a total of 13 independent parameters describing couplings of the H bo-97

son to electroweak gauge bosons and two parameters describing couplings to gluons. These98

couplings correspond to the complete set of dimension four and six operators describing HVV99

interactions. The presence of any of the CP-odd couplings a
VV
3 together with any of the other100

couplings, which are all CP-even, will lead to CP violation in a given process.101

While the parameterization in Eq. (3) is the most general one, additional considerations of102

SU(2)⇥U(1) symmetry in the Effective Field Theory (EFT) approach introduce relationships in103

anomalous couplings as follows [59]104

a
WW
1 = a

ZZ
1 , (4)

a
WW
2 = c

2
wa

ZZ
2 + s

2
wa

gg
2 + 2swcwa

Zg
2 , (5)

a
WW
3 = c

2
wa

ZZ
3 + s

2
wa

gg
3 + 2swcwa

Zg
3 , (6)

kWW
1

(LWW
1 )2

(c2
w � s

2
w) =

kZZ
1

(LZZ
1 )2

+ 2s
2
w

a
gg
2 � a

ZZ
2

m
2
Z

+ 2
sw

cw

(c2
w � s

2
w)

a
Zg
2

m
2
Z

, (7)

kZg
2

(LZg
1 )2

(c2
w � s

2
w) = 2swcw

 
kZZ

1

(LZZ
1 )2

+
a

gg
2 � a

ZZ
2

m
2
Z

!
+ 2(c2

w � s
2
w)

a
Zg
2

m
2
Z

, (8)

where cw = cos qW and sw = sin qW . Therefore, the set of 13 + 2 independent parameters105

describing HVV + Hgg couplings can be reduced to 8 + 2 with the above EFT relationships.106

In our measurements, we reduce the number of independent parameters in the following way.107

We assume that the four loop-induced couplings a
gg
2,3 and a

Zg
2,3 are constrained to yield the SM108

rates of the direct decays H ! gg and Zg. Therefore, in our analysis of EW production and109

H ! 4` decay, we set these four couplings to zero because their allowed values are expected110

to have negligible effect in our coupling measurements.111

In Approach 1, we set the ZZ and WW couplings to be equal, a
WW
i

= a
ZZ
i

. Formally, this could112

be considered as a relationship in Eqs. (4)–(7) in the limiting case cw = 1. We adopt this ap-113

CP-odd

  qV2
tree-level SM

May attempt full EFT expansion, but not necessarily the goal in this study… 

CP-even

ACP even
2

+2Re (ACP evenA*CP odd) + ACP odd
2

∫ = 0 ⇒ kinematic 
distributions 

true CP-sensitive observation

do not constrain
to SM rate

suppressed in EFT

have to be clear if
this term dominatesbut not always available 

fCP =
ACP odd

2

ACP even
2

+ ACP odd
2 = sin2(αeff)

parameter of interest
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Theoretical Models and connection to EDM/B/EW

EFT analysis of EDM and LHC:

3

Central Rfit LHC

v2 C'B̃ [�5.1, 5.1] · 10�6 [�5.1, 5.1] · 10�6 [�28, 10]

v2 C'W̃ [�4.7, 4.7] · 10�6 [�4.7, 4.7] · 10�6 [�2.3, 0.43]

v2 C'W̃B [�2.2, 2.2] · 10�6 [�2.2, 2.2] · 10�6 [�0.57, 0.57]

v2 C'G̃ [�5.3, 5.3] · 10�5 [�1.2, 1.2] · 10�3 [�1.3, 8.1] · 10�3

v2 CG̃ [�2.4, 2.4] · 10�6 [�3.4, 3.4] · 10�5 –

v2 CW̃ [�4.8, 4.8] · 10�5 [�4.8, 4.8] · 10�5 [�3.1, 3.1] · 10�2

TABLE II: Central and Rfit low-energy constraints (at 95%
C.L.), assuming one of the couplings, C↵, is present at the
scale ⇤ = 1 TeV. For comparison, we show current collider
limits from Refs. [33, 34] (for C'B̃), Refs. [35, 107] (for C'W̃B

and CW̃ ), and Ref. [30] (for all other couplings).

which also shows the limits on systems that are not yet
competitive, but could provide interesting constraints in
the future. EDM experiments on 225Ra and 129Xe atoms
have already provided limits [94–96] and are quickly im-
proving. Plans exist to measure the EDMs of charged
nuclei such as the proton and deuteron in electromag-
netic storage rings [101]. The EDM measurements of
light nuclei can be more reliably interpreted in terms of
BSM operators than is the case for dHg as the nuclear
theory is under solid theoretical control [81, 102].
The operators O

W̃
and O

'W̃B
contribute to the CP

asymmetry in B ! Xs� and to CP -odd triple-gauge
couplings that were probed at LEP. Concerning the
B ! Xs� asymmetry, we employ the expressions de-
rived in Ref. [91] and take the required SM Wilson co-
e�cients, as well as the hadronic parameters, from the
same work. The triple-gauge vertices induced by O

W̃

and O
'W̃B

are of the form W+W�� and W+W�Z,
which were constrained using angular distributions in
e+e� ! W+W� [103, 104]. In the notation of Ref. [105]
we have, �̃Z = �̃� = �2m2

W
C

W̃
and ̃Z = �t2

w
̃� =

4t2
w
m2

W
C

'W̃B
, tw = tan ✓w, which leads to [106]

v2C
'W̃B

= �0.93+0.47
�0.31 , v2C

W̃
= 0.42(33) . (2)

As shown in Table II, these constraints have already been
improved by the study of the W+W� cross section at
the LHC [107], and are likely to improve further in the
context of EWPTs anticipated at the HL-LHC [42–44].
Analysis.—To constrain the Higgs–gauge operators, we

use EDM limits and the CP asymmetry in B ! Xs� as
listed in Table I, as well as the LEP constraints on triple-
gauge couplings given in Eq. (2). Nuclear and hadronic
EDMs as well as the CP asymmetry are a↵ected by sig-
nificant theoretical uncertainties. We follow Ref. [23] and
present limits in a variety of cases: (i) the “central” sce-
nario, in which we neglect all hadronic and nuclear uncer-
tainties, (ii) the “Rfit” strategy, in which all hadronic and
nuclear matrix elements are varied within their allowed
ranges to minimize the �2 value, and (iii) the “Gaussian”

Low energy LHC (3000 fb�1)

v2 C'B̃ [�0.4, 0.00] [�0.3, 0.3]

v2 C'W̃ [�2.3, 0.02] [�0.17, 0.17]

v2 C'W̃B [�1.3, 0.01] [�0.39, 0.39]

v2 C'G̃ [�1.3, 1.3] · 10�5 [�9.0, 9.0] · 10�4

TABLE III: Comparison of projected collider and low-energy
limits. The LHC limits were taken from Ref. [30], while the
low-energy limits assume improved matrix elements and fu-
ture EDM measurements as described in the text. All four
couplings were turned on at the scale ⇤ = 1 TeV, and the
low-energy limits were obtained using the Gaussian strategy
for the theoretical uncertainties.

strategy, in which the theoretical errors are treated in
the same way as statistical errors are. This last strategy
provides a realistic estimate of the impact of the theo-
retical errors when these are under control. We start by
discussing the limits derived in the central case, which re-
flects the maximal constraining power of the low-energy
measurements, assuming a single operator is present at
the scale µ = ⇤. We subsequently consider the impact of
the theoretical uncertainties in the Rfit scenario, as well
as a scenario in which multiple Higgs–gauge operators
appear at the scale ⇤.

Turning on a single operator at the scale ⇤, we see
from Table II that the low-energy limits are very strin-
gent. The bounds on the operators with EW gauge
bosons are dominated by the electron EDM, which con-
strains v2C

'W̃ ,'B̃,'W̃B,W̃
to be O(10�6), corresponding

to a BSM scale of ⇠ 100 TeV, assuming Ci = 1/⇤2, or 10
TeV, including a loop factor, Ci = 1/(4⇡⇤)2. The con-
straints from the neutron and 199Hg EDMs are weaker,
at the permille level for v2C

'W̃
and v2C

'W̃B
and at the

percent level for v2C
'B̃,W̃

. The bounds on C
'G̃

and C
G̃

are dominated by the mercury EDM in the central case.
For both operators, the large uncertainties on the matrix
element of the Weinberg operator imply that the con-
straints weaken by an order of magnitude and become
dominated by the neutron EDM when moving from the
central to the Rfit strategy. In contrast, the limits on the
EW operators are very similar when using the Rfit strat-
egy, as they are dominated by the ThO measurement.
The fourth column in Table II shows the current collider
limits for comparison.1 These high-energy probes are less
sensitive by four to six orders of magnitude for most of
the couplings, while they are competitive with the EDM

1
Here we considered only limits arising from genuine dimension-6

contributions to CP -violating observables (more information on

the CMS limits [33, 34] is provided in Ref. [108]). Constraints on

v2CG̃ stemming from dimension-8 contributions to jet cross sec-

tions were considered in Ref. [36], and estimated to be O(10
�2

).

2
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q

FIG. 1: One-loop diagrams involving Higgs–gauge operators
that contribute to (gluonic) dipole operators. The red circles
denote insertions of the SMEFT operators. The diagram on
the right side also generates threshold corrections to flavor-
violating dipole operators.

ated only through RG flow), a welcome feature for the
viability of weak-scale baryogenesis.

The operators in Eq. (1) a↵ect the cross sections of
processes such as Higgs production via gluon or vector-
boson fusion, Higgs production in association with EW
gauge bosons, and Higgs decays, through non-interfering
contributions quadratic in C

'X̃
and are thus suppressed

by (v/⇤)4. Such dimension-8 contributions however still
lead to significant constraints [27, 32]. The Higgs–gauge
operators contribute at O(v2/⇤2) to CP -odd observables,
such as the CP asymmetry in pp ! h + 2j [28–30, 34],
angular distributions in associated HW and HZ pro-
duction [27, 31, 32], or in h ! 4l [25, 33, 34], while C

W̃

and C
'W̃B

contribute to CP -odd observables in diboson
production [27, 35]. C

G̃
gives tree-level corrections to

pp ! h+2j and to multijet production [36]. In addition
to these tree-level e↵ects in collider observables, all coe�-
cients contribute to low-energy CP -violating observables,
such as EDMs and the CP asymmetry in B ! Xs�, at
the loop level. In this Letter we set up the framework to
include low-energy CP -violating probes and demonstrate
that they put severe constraints on the CP -violating sec-
tor of universal theories. To establish the connection to
existing collider bounds [30, 37], we first concentrate the
phenomenological analysis on the operators that involve
the Higgs coupling, and later discuss the low- and high-
energy input necessary for an analysis of all six parame-
ters simultaneously.

Renormalization group evolution.—When the Higgs
field acquires its vacuum expectation value, the opera-
tors in Eq. (1) generate ✓-like terms by means of '†' !

v2/2 + . . . , '†⌧ i' ! ��i3v2/2 + . . . , where the dots de-
note terms that contain the Higgs scalar boson h. The
parts of the operators in Eq. (1) that do not involve h can
be absorbed in the SM ✓ terms. The U(1)Y and SU(2)L
✓ terms are unphysical because they can be removed by
field rotations [51–53]. The gluonic operator e↵ectively
shifts the QCD ✓ term ✓ ! ✓ � 16⇡2v2C

' G̃
, which is

strongly constrained by the neutron EDM [54, 55]. How-
ever, we will assume the presence of a Peccei–Quinn (PQ)
mechanism [56] under which the total ✓ term vanishes dy-
namically.

Below the EW scale, the Lagrangian contains flavor-
conserving operators that induce leptonic and hadronic

de dn dHg dXe dRa

1.1 · 10�29 3.0 · 10�26 6.2 · 10�30 3.9 · 10�27 1.2 · 10�23

TABLE I: Current limits on the electron [68], neutron [54, 55],
mercury [92, 93], xenon [94, 95], and radium [96, 97] EDMs in
units of e cm (90% C.L.). The result for the CP asymmetry,
AB!Xs� = 0.015(20), is taken from Refs. [98–100].

EDMs (fermion EDMs, quark chromo EDMs (CEDMs),
and the Weinberg operator) as well as �B = �S = 1
operators that contribute to B ! Xs�, through the di-
agrams shown in Fig. 1. These diagrams provide both
finite matching contributions at the EW scale, µ = µt,
and contributions to the anomalous dimensions that de-
termine the RG evolution between the BSM scale, µ = ⇤,
and the EW scale. We then evolve the low-energy opera-
tors to the scale where QCD becomes non-perturbative,
µ = ⇤� = 2 GeV, and take into account the bottom,
charm, and strange thresholds where additional match-
ing contributions are generated. More details about the
evolution from the high- to low-energy scale are given in
Ref. [57] (including Refs. [58–67]).

A key outcome of the RG analysis is that the weak
operators C

'B̃
, C

'W̃
, C

'W̃B
, and C

W̃
contribute to the

fermion EDMs almost exclusively via two combinations,
proportional to the third component of the weak isospin,
T 3
f
, and the electric charge, Qf . For this reason, present

and future EDM experiments constrain at most four di-
rections in the parameter space of Eq. (1), up to small
subleading e↵ects.

Low-energy observables.—Next, we discuss the connec-
tion to the most sensitive low-energy observables, start-
ing with EDMs. The most stringent limits are set by
the neutron and 199Hg atom, and by measurements on
the polar molecule ThO. For the operators in Eq. (1),
the ThO measurement [68, 69] can be interpreted as a
probe of the electron EDM, with a small theoretical un-
certainty [70, 71]. In contrast, nucleon, nuclear, and dia-
magnetic EDMs receive contributions from several op-
erators, with varying levels of theoretical uncertainties.
We provide the full expressions in Ref. [72] (including
Refs. [73–91]).

Matrix elements connecting quark EDMs to nucleon
EDMs are relatively well known [73], but contributions
from quark CEDMs and the Weinberg operator su↵er
from larger uncertainties. In addition to nucleon EDMs,
nuclear and diamagnetic EDMs are generated by CP -odd
nuclear forces that, for the operators under considera-
tion, are dominated by CP -odd one-pion exchange be-
tween nucleons. The sizes of the associated low-energy
constants have been calculated with QCD sum rules [80],
with O(100%) hadronic uncertainty. In addition, the
nuclear many-body matrix elements that determine dia-
magnetic EDMs involve sizable nuclear uncertainties.

Current experimental limits are summarized in Table I,
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constraints on v2C
'G̃

in the Rfit approach.
To see the e↵ects of turning on multiple operators at

the scale ⇤, we investigate a scenario in which all Higgs–
gauge couplings are present at µ = ⇤, while keeping
C

G̃,W̃
(⇤) = 0. This allows us to directly compare the

low-energy limits to those of Ref. [30]. In this case there
is one free direction left unconstrained by EDM mea-
surements, even when neglecting theoretical uncertain-
ties. For our choice of µ0 = 1 TeV, this combination of
couplings is given by⇠ 0.17C

'B̃
+0.86C

'W̃
+0.48C

'W̃B
.

EDM measurements are not su�cient to constrain all
four dimension-6 operators simultaneously and the CP
asymmetry in B ! Xs� and LEP observables are needed
to close the free direction. When treating the theoreti-
cal uncertainties in the Rfit or Gaussian approach, the
constraints from dHg and dn are degenerate, leading to
another free direction. These free directions can be closed
by reducing the errors on the theoretical predictions of
matrix elements, or by considering improved constraints
on the EDMs in Table I and bounds on the EDMs of
additional systems, such as the proton or deuteron. Im-
provements on these three fronts are expected on the
same timescale as the LHC Run III and the HL-LHC,
for which the limits in Ref. [30] were derived.
We therefore consider improved determinations of the

matrix elements that were set as targets for the future
in Ref. [21]. We assign 25% uncertainties to the nu-
cleon EDM induced by the u- and d-quark CEDMs, and
50% uncertainties on the nucleon EDM from C

G̃
, the

CP -odd pion–nucleon couplings, and the nuclear struc-
ture matrix elements. These uncertainty goals are by no
means unrealistic considering recent lattice and nuclear-
theory e↵orts [109–112], and in some cases have already
been attained [90]. On the experimental side, we as-
sume |dn| < 1.0 · 10�27 e cm, which will be probed at
the PSI and LANL neutron EDM experiments [113, 114],
and |dRa| < 10�27 e cm, well within reach of the ANL
radium EDM experiment [97]. On a longer timescale,
storage ring searches of the EDMs of light ions have the
potential to compete with the neutron EDM [101], and
we assume dp, dd < 1.0·10�27 e cm. For the CP asymme-
try in B ! Xs�, Belle II will be sensitive to sub-percent
values, |AB!Xs� | < 4 · 10�3 [115].
A comparison of the projected limits of Ref. [30] to the

combination of future EDM and B ! Xs� limits in the
C

'W̃
–C

'G̃
and C

'W̃
–C

'B̃
planes is shown in Fig. 2 and in

Table III. The non-zero central values for the low-energy
curves are driven by the LEP bound (2) on C

'W̃B
, which

deviates from zero by ⇠ 2�. The gray, orange, and purple
bands assume the proposed di↵erential measurements in
pp ! h + 2j have been performed on 36, 300, and 3000
fb�1 of integrated luminosity, respectively, while the red
band shows the limits from low-energy experiments. The
figure shows that the collider observables could in prin-
ciple probe the C

'W̃
and C

'B̃
couplings at a comparable

level as the low-energy limits with 36 and 3000 fb�1 of

-3 -2 -1 0 1 2 3
-2

-1

0

1

2

v2 C
φW

~

10
2
v2
C φ

G~

LHC 36.1 fb-1

LHC 300 fb-1

LHC 3000 fb-1

EDMs + B→Xsγ + LEP

FIG. 2: Projected 95% C.L. constraints from EDM and B !
Xs� as well as collider signatures [30] in the C'W̃ –C'G̃ and
C'W̃ –C'B̃ planes. The remaining couplings are marginalized
over and the Gaussian strategy for the matrix elements is
used.

data, respectively, but become relevant only when deli-
cate cancellations between di↵erent couplings occur. The
low-energy constraints on the gluonic operator C

'G̃
, are

expected to be more stringent than the projected limits
from the HL-LHC by roughly two orders of magnitude,
see Table III.

The strong constraints that EDM experiments put on
the parameter space will manifest themselves in corre-
lations between observables at the LHC. For example,
the electron EDM bound establishes correlations between
C

'W̃B
, C

'W̃
, and C

'B̃
, as can be seen from the lower

panel in Fig. 2. An observation of large CP violation
in the Higgs–gauge sector, of the size of the right col-
umn in Table III, would then require a non-zero value
for C

'W̃B
. In such a scenario one would therefore expect

large e↵ects in diboson production, induced by C
'W̃B

,
to be consistent with EDM experiments.

We can finally relax the assumption C
W̃ ,G̃

(⇤) = 0,
and consider all the CP -violating operators expected in
the framework of universal theories. As argued above,

Representative model analysis  
arXiv:1304.0773   in 2HDM: Hff
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where �1,2 are the two Higgs doublets. The tree-level flavor-
changing neutral currents can be suppressed by imposing a
Z2 symmetry [11] (�1 ! ��1 and �2 ! �2) which is softly
broken by m12. The only complex parameters are �5 and m

2
12

and we can set �5 real by proper rotation of �1,2 phases. The
corresponding Yukawa couplings respecting the Z2 are

LY = Q̄LYD�1DR+Q̄LYU (i⌧2)�
⇤
2UR+ L̄LYE�1ER , (3)

where DR or ER (UR) is defined to be odd (even) un-
der the Z2. The Higgs vacuum expectation values (VEV)
are generally complex, with a relative phase ⇠, h�1i =�
0, v cos�/

p
2
�T

, h�2i =
�
0, v sin�ei⇠/

p
2
�T

. The mini-
mum condition of the potential solves ⇠ from the phase of m2

12

(recall �5 is real): Im (m2
12e

i⇠) = (�5 sin 2⇠)v2 sin� cos�
which means there exists one independent physical CP phase.

In this model, the source of CPV arises from the neutral
Higgs sector (we define

p
2�0

1 = H
0
1 + iA

0
1, e�i⇠

p
2�0

2 =
H

0
2 + iA

0
2 with H

0
i , A0

i being real fields). Namely, the phys-
ical CP-odd state A

0 = � sin�A0
1 + cos�A0

2 will mix with
the even states H

0
1 , H0

2 . The mass square matrix M in the
basis of (H0

1 , H
0
2 , A

0) is diagonalized with a real orthogonal
R, defined as RMR

T = diag(M2
h1
,M

2
h2
,M

2
h3
)

R =

0

@
�s↵c↵b c↵c↵b s↵b

s↵s↵bs↵c � c↵c↵c �s↵c↵c � c↵s↵bs↵c c↵bs↵c

s↵s↵bc↵c + c↵s↵c s↵s↵c � c↵s↵bc↵c c↵bc↵c

1

A(4)

with c↵ = cos↵, s↵ = sin↵. In the CP conserving
limit, ↵b,c ! 0. In the decoupling limit of second dou-
blet, ↵ ! � � ⇡/2 and ↵b,c ! 0. The lightest neu-
tral scalar h1, taken to be the SM-like Higgs, with mass
M1 = 125GeV, is the following linear combination [12],
h1 = � sin↵ cos↵bH

0
1 + cos↵ cos↵bH

0
2 + sin↵bA

0. Us-
ing the Yukawa coupling structure in Eq. (3), we obtained the
couplings of h1 to fermions

Lh1ff̄ =
mt

v
h1t̄ (ct + ic̃t�5) t+

mb

v
h1b̄ (cb + ic̃b�5) b,(5)

where ct = cos↵ cos↵b/sin�, cb = �sin↵ cos↵b/cos�,
c̃t = � cot� sin↵b and c̃b = � tan� sin↵b. The interactions
with gauge bosons WW and ZZ are

Lh1V V = cos↵b sin(� � ↵)LSM
hV V ⌘ aL

SM
hV V . (6)

It is worth pointing out that the CPV coupling of h1 only
depends on ↵b, and is closely connected to the phase ⇠. In
order to make their relation more transparent, consider the
case mh2 ⇡ mh3 � mh1 , we find approximately tan↵b ⇡

��5 sin 2⇠ v2/[m2
h+ + (�4 � �5 cos 2⇠)v2/2], where h

+ is
the physical charged Higgs state. With the second doublet
near the weak scale, we would expect ↵b . ⇠. This is the
key relation that motivates our study below. The angle ↵b are
constrained by the Higgs property and the electric dipole mo-
ment experiments, while the phase ⇠ is closely connected to
the essential CPV source for EWBG.
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FIG. 1: Global fits to the Higgs data for various values of tan�. The
global minima still prefers a non-vanishing ↵b for tan� . 1. The
magenta region is excluded by electron EDM constraint before Nov.
2013. The latest ACME [15] exclusion (de < 10.25 ⇥ 10�29e cm
at 95% CL) is given by the blue region which is a much stronger
constraint.

Higgs Properties as Indirect Probe. From the derived in-
teractions (5) and (6), we can obtain the modified Higgs pro-
duction and decay rates at the LHC. The Higgs production via
gluon fusion process could happen through both h1GG and
h1G

eG operators in an incoherent way, after integrating out
the CP conserving and violating h1tt̄, h1bb̄ interactions. The
ratio of the two cross sections is [13, 14]

�gg!h1

�
SM
gg!h1

=
(1.03ct � 0.06cb)2 + (1.57c̃t � 0.06c̃b)2

(1.03� 0.06)2
, (7)

for mh1 = 125GeV, and the production cross sections of h1

via W,Z boson fusion and in association with W,Z are sim-
ply rescaled from the SM case by �V V!h1/�

SM
V V!h = �V h1/

�
SM
V h = a

2. The heavy Higgs contributions are negligible.
The decay rates into gauge bosons are rescaled by

�h1!WW /�SM
h!WW = �h1!ZZ/�SM

h!ZZ = a
2. The decay

rates into light fermions are approximately �h1!bb̄/�
SM
h!bb̄

=
�h1!⌧+⌧�/�SM

h!⌧+⌧� ⇡ c
2
b + c̃

2
b , by neglecting the final state

masses. Similar to the gluon fusion case, the diphoton decay
can be separated into CP conserving and violating parts

�h1!��

�SM
h!��

=
(0.23ct � 1.04a)2 + (0.35c̃t)2

(0.23� 1.04)2
. (8)

Finally, for calculating the Higgs total decay width, the decay
to gluons is �h1!gg/�SM

h!gg = �gg!h1/�
SM
gg!h1

.
We make a global fit to the inclusive LHC Higgs data pub-

lished in March 2013 [3, 4], taking into account the possibility
of CPV in the Higgs sector. The most significant change in
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— to be updated to more recent results  
— motivated     fCP < 0.01 (αb < 0.1)

https://arxiv.org/abs/1903.03625
https://arxiv.org/abs/1304.0773
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Unique features of Facilities:  productionγγ
Photon collider is unique with focus on  couplingHγγ

34 Higgs working group report
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Figure 1-5. Summary of precision in fCP for HV V couplings (V = Z,W ) at the moment of 3�

measurement [125]. Points indicate central values and error bars indicate 1� deviations in the generated

experiments modeling di↵erent luminosity scenarios at proton (solid red) or e
+
e
�

(open blue) colliders.

Measurements in three topologies V H (triangles), VBF (squares), and decay H ! V V (circles) are shown.

Di↵erent energy and luminosity scenarios are indicated on the x-axis.

A study of CP -odd contribution in the ttH coupling has been studied in the context of ILC [132]. Cross-
section dependence on the coupling has been employed and an uncertainty of 0.08 (0.29) at 1000 (500) GeV
center-of-mass energy has been estimated. A beam polarization of (+0.2,�0.8) and (+0.3,�0.8) is assumed
at 1000 and 500 GeV, respectively. These estimates further improve to 0.05 (0.16) for the luminosity upgrade
of the ILC. Interpretation of a cross-section deviation as an indication of CP -odd coupling contribution is
strongly model-dependent, but allows access to anomalous ttH couplings.

Beam polarization in the photon and muon colliders would be essential for CP measurements in the ��H

and µµH couplings. Three parameters A1,A2,A3 sensitive to CP violation have been defined in the context
of the photon collider [133–135]. The A1 parameter can be measured as an asymmetry in the Higgs boson
production cross-section between the A++ and A�� circular polarizations of the beams. This asymmetry
is the easiest to measure, but it is proportional to Im (a2a⇤3) and is zero when in Eq. (1.15) a2 and a3 are
real, as expected for the two loop-induced couplings with heavier particles in the loops. A more interesting
parameter:

A3 =
|Ak|

2
� |A?|

2

|Ak|2 + |A?|2
=

2Re (A⇤
��A++)

|A++|
2 + |A��|2

=
|a2|

2
� |a3|

2

|a2|
2 + |a3|

2
= (1� 2fCP ) (1.18)

can be measured as an asymmetry between two configurations with the linear polarization of the photon
beams, one with parallel and the other with orthogonal polarizations. In Ref. [5] careful simulation of the
process has been performed. The degree of linear polarization at the maximum energies is 60% for an
electron beam of energy E0 ⇡ 110 GeV and a laser wavelength � ⇡ 1µm. The expected uncertainty on A3

is 0.11 for 2.5 · 1034 ⇥ 107 = 250 fb�1 integrated luminosity. This translates to a fCP uncertainty of 0.06.
The CP mixture study at a photon collider was also shown based on a sample of 50,000 raw �� ! h events
assuming 80% circular polarization of both electron beams [86]. This study corresponds to a A1 asymmetry

Community Planning Study: Snowmass 2013

— photon beam polarization is critical for CP
— most interesting parameter: 

Detecting and Studying Higgs Bosons at a Photon-Photon Collider: arXiv:hep-ph/0110320 

— measure as asymmetry between  and  linear polarizations∥ ⊥

for  and :  E0 = 110 GeV λ = 1 μm fCP = sin2(αγγ) ∼ ± 0.06

at 2.5 ⋅ 1034 × 107 = 250 fb−1

Interesting to revisit and compare to  and pp e+e−

— need fair comparison: information from polarization, not cross section 

https://arxiv.org/abs/hep-ph/0110320
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Unique features of Facilities:  productionμ+μ−

Muon collider is unique with focus on  couplingHμμ
— muon beam transverse polarization is critical for CP
— not many fermion couplings can be tested with polarization and CP

later we will discuss  and  (both 3rd family)Hττ Htt

How Valuable is Polarization at a Muon Collider? A Test Case: Determining the CP Nature of a Higgs Boson:
      arXiv:hep-ph/0003091 

— same transverse polarization  CP-even⇒
— opposite polarization  CP-odd⇒

Unique feature of the muon collider
— though comes with a price of lumi, likely not a priority at first stage

https://arxiv.org/abs/hep-ph/0003091
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FIG. 5: Cross sections for e+e− → Z∗ → ZX process as a function of
√
s for three models: SM Higgs boson (0+, solid), scalar

with higher-dimension operators (0+h , short-dashed), and pseudoscalar (0−, long-dashed). All cross sections are normalized
to SM value at

√
s = 250 GeV. Different high-energy behavior of cross sections related to point-like interactions (solid) and

higher-dimensional non-renormalizable operators (dashed) is apparent from the right panel.

In order to measure or set a limit on fa3, it is important to employ all types of observables described above and
not limit oneself to CP -specific ones, such as interferences. In particular, if only a limit is set on fa3, the phase of
CP -odd contribution φa3 is generally unknown and one cannot predict the forward-backward asymmetry in cos θ1
nor the non-trivial phase in Φ, as shown in Figs. 3 and 14. For example, even under the assumption of real coupling
constants, φa3 ambiguity between 0 and π needs to be resolved. In principle, model-dependent assumptions can
be made about such phases and tighter constraints on fa3 can be obtained, but it is important to pursue coupling
measurements that are as model-independent as possible. On the other hand, once a non-zero value of fa3 is observed,
its phase φa3 can be measured directly from the data, as we illustrate below. While we focus on the measurement of
the CP -odd contribution fa3, we also illustrate measurements of fa2 and fΛ1, which can be performed with a similar
precision. Here fΛ1 is defined as in Eq. (4); it provides the cross section fraction that is induced by −g′′1 × (q21+q22)/Λ

2
1

anomalous coupling.

A. The e+e− → ZH process

To illustrate the above points, we considered e+e− → ZH process, with Z → ℓ+ℓ− and H → bb̄. The number of
signal events is estimated in Table I for four energies

√
s = 250, 350, 500, 1000 GeV, that are under discussion for

an electron-positron collider, and are rounded to 2000, 1500, 1000, 500 events, respectively. The effective number of
background events is estimated to be 10% of the number of signal events and is modeled with the e+e− → ZZ →
ℓ+ℓ−bb̄ process. Cross sections for several simulated signal samples are displayed in Table II. We assume that the
signal can be reconstructed inclusively by tagging Z → ℓ+ℓ− decay and using energy-momentum constraints, but
further improvements can be achieved through the analysis of the Higgs boson decay products and by considering
other Z decay final states. In view of this, our estimates of expected sensitivities are conservative.
Our analysis techniques are identical to what has been used earlier to study Higgs spin and parity in the pp →

H → ZZ process at the LHC [7, 8]. For this channel and the channels in the following subsections, the details of the
analyses are explained in Appendix B. We employ either the dedicated discriminants D0− and DCP , or the multi-
dimensional probability distribution. Several thousand statistically-independent experiments are generated and fitted
using different approaches. Detector effects and backgrounds are included either with direct parameterization of one-
or two-dimensional distributions or by exploiting certain approximations of a multidimensional model, as explained
in Appendix B.
For the e+e− case discussed in this section, we first obtained results for the sensitivity to the fractions fa2,a3 at fixed

collider energy and then expressed these constraints in terms of the parameters fdec
a2,a3. Figure 6 shows precision on fa3

and fa2 obtained with generated experiments that include background. Expected precisions of fa2,a3 measurements
are shown in Table II. As can be seen there, the expected precision on fa3 is in the range 0.03− 0.04, independent of
the e+e− collision energy. This translates to very different constraints on fdec

a3 that range from 7× 10−4 to 8× 10−6;
as we already explained, measuring a similar fraction of events caused by the pseudoscalar anomalous couplings at
higher energy means a sensitivity to a smaller value of g4. The expected precision is therefore similar to what can
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FIG. 3: Distributions of the observables in the e+e− → ZH → (ℓ+ℓ−)H analysis at
√
s = 250 GeV, from left to right: cos θ1,

cos θ2, and Φ. Points show simulated events and lines show projections of analytical distributions. Four scenarios are shown:
SM scalar (0+, red open circles), pseudoscalar (0−, blue diamonds), and two mixed states corresponding to fa3 = 0.5 with
φa3 = 0 (green squares) and π/2 (magenta points). In all cases we choose fa2 = 0.

IV. MEASUREMENTS OF HV V ANOMALOUS COUPLINGS

In this section we describe prospects for measuring the anomalous HV V couplings both at the LHC and at a
future e+e− collider. We consider all types of processes that allow such measurements, including gluon fusion at LHC
(SBF), weak boson fusion (WBF), and V H production. For the analysis of the Higgs boson decay H → V V , all
production mechanisms can be combined. The cleanest and most significant SM Higgs boson decay mode at the LHC
is H → ZZ∗ → 4ℓ and we consider this mode in the following analysis [5, 6]. The decay H → WW ∗ → 2ℓ2ν can also
be used for anomalous coupling measurements, as demonstrated in Ref. [8], but precision of spin-zero measurements
is lower. Inclusion of other decay modes will only improve estimated precision and we examine such examples as
well (H → γγ in VBF and H → bb̄ in V H production). At an e+e− collider, we consider the dominant decay mode
H → bb̄, but other final states could be considered as well.
We now discuss details of event simulation and selection. In this paper, signal events were simulated with the JHU

generator. Background events were generated with POWHEG [39] (qq̄ → ZZ(∗)/Zγ(∗) + jets) and MadGraph [40]
(qq̄ → ZZ(∗)/Zγ(∗)/γγ + 0 or 2 jets, e+e− → ZZ). When backgrounds from other processes are expected, their
effective contribution is included by rescaling the expected event yields of the aforementioned processes. The vector
boson fusion (VBF) and V H topology of the SM Higgs boson production has been tested against POWHEG, see Fig. 4,
as well as against VBF@NLO [41–43] and MadGraph simulation, respectively.
To properly simulate recoil of the final state particles caused by QCD radiation, we interface the JHU generator

with parton shower in Pythia [44], or, alternatively, simulate the decay of the Higgs boson with the JHU generator and
production of the Higgs boson through NLO QCD accuracy with POWHEG. We point out that this way of interfacing
POWHEG and JHU generator is exact for spin-zero particle production since no spin correlations connect initial and
final states. We note that quality of the approximation with Pythia parton showering is surprisingly high as can be
seen in Fig. 4 where we compare the transverse momentum distribution of a Standard Model Higgs boson obtained
within this framework with the NLO QCD computation of the same distribution as implemented in POWHEG. Effects
of beyond-the-standard-model (BSM) couplings in gluon fusion production on recoil of the final state particles caused
by the QCD radiation have been tested explicitly in the pp → H+2 jets process; we found that their impact on recoil
kinematics is negligible for the analysis of Higgs boson decays. We conclude that parton shower description of QCD
effects is sufficient at the current level of analysis but further refinements of such an approach, for example by means
of dedicated NLO QCD computations, are certainly possible, see e.g. Ref. [32].
In this paper, we employ a simplified detector simulation similar to our earlier studies [7, 8]. Lepton momenta are

smeared with an rms ∆p/p = 0.014 for 90% of events and a broader smearing for the remaining 10%. Hadronic jets
are smeared with an rms ∆p/p = 0.1. Events are selected in which leptons have |η| < 2.4, and transverse momentum
pT > 5GeV; jets, defined with anti-k⊥ algorithm, have ∆Rjj > 0.5, pT > 30GeV, and |ηj | < 4.7. The jet pT threshold
is raised to 50 GeV to study the effects of pileup when we consider the high luminosity LHC scenario. The invariant
mass of the di-lepton pairs from a Z(∗) decay is required to exceed 12 GeV. These selection criteria are chosen to be
as close as possible to existing LHC analyses [5, 6] and we assume that similar selection criteria will be also adopted
for a future e+e− collider. The estimated number of reconstructed events in Table I is scaled down from the number

19

FIG. 16: Higgs production and decay at the e+e− or pp collider with e+e−(qq̄) → Z∗ → ZH → ℓ+ℓ−bb̄ as shown in the parton
collision frame.
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FIG. 17: Cross section of e+e− → Z∗ → ZX process as a function of
√
s for several representative models: SM Higgs

boson (0+, solid red), vector (1−, dot-long-dashed blue), axial vector (1+, dot-short-dashed blue), Kaluza-Klein graviton with
minimal couplings (2+m, long-dashed green), spin-2 with higher-dimension operators (2+h , short-dashed green). All cross sections
are normalized to SM value at

√
s = 250 GeV.

To compute the differential cross section for e+e− → ZH → µ+µ−H , we modify dΓ/dΩ⃗ in Eq. (A1) of Ref. [8] to
account for changes in kinematics. In particular, s′ = q1q2 in Eq. (13) of Ref. [8]4 is defined for two outgoing momenta
of Z-bosons. If instead we use the four-momentum P1 of the initial e+e− state, we must write q1 = −P1 and, as a
result, s′ = −P1q2 = −(m2

H
−m2

1 −m2
2)/2 , where m2

1 = P 2
1 and m2

2 = m2
Z . This leads to the following differential

angular distributions for a spin-zero particle production

dΓJ=0(s, Ω⃗)

dΩ⃗
∝ 4 |A00|2 sin2 θ1 sin

2 θ2

+ |A+0|2
(

1− 2R1 cos θ1 + cos2 θ1
) (

1 + 2Af2 cos θ2 + cos2 θ2
)

+ |A−0|2
(

1 + 2R1 cos θ1 + cos2 θ1
) (

1− 2Af2 cos θ2 + cos2 θ2
)

− 4|A00||A+0|(R1 − cos θ1) sin θ1(Af2 + cos θ2) sin θ2 cos(Φ+ φ+0)

− 4|A00||A−0|(R1 + cos θ1) sin θ1(Af2 − cos θ2) sin θ2 cos(Φ− φ−0)

+ 2|A+0||A−0| sin2 θ1 sin2 θ2 cos(2Φ− φ−0 + φ+0) . (A2)

In Eq. (A2), R1 = (Af1 +P−)/(1+Af1P
−), where Afi = 2ḡfV ḡ

f
A/(ḡ

f2
V + ḡf2A ) is the parameter characterizing the decay

Zi → fif̄i [53] with Af1 ≃ 0.15 for the Zee coupling, Af2 is for the coupling to fermions in the Z decay, and P− is the

4 We add prime to s′ to avoid confusion with
√
s = m1 in this case.
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FIG. 5: Cross sections for e+e− → Z∗ → ZX process as a function of
√
s for three models: SM Higgs boson (0+, solid), scalar

with higher-dimension operators (0+h , short-dashed), and pseudoscalar (0−, long-dashed). All cross sections are normalized
to SM value at

√
s = 250 GeV. Different high-energy behavior of cross sections related to point-like interactions (solid) and

higher-dimensional non-renormalizable operators (dashed) is apparent from the right panel.

In order to measure or set a limit on fa3, it is important to employ all types of observables described above and
not limit oneself to CP -specific ones, such as interferences. In particular, if only a limit is set on fa3, the phase of
CP -odd contribution φa3 is generally unknown and one cannot predict the forward-backward asymmetry in cos θ1
nor the non-trivial phase in Φ, as shown in Figs. 3 and 14. For example, even under the assumption of real coupling
constants, φa3 ambiguity between 0 and π needs to be resolved. In principle, model-dependent assumptions can
be made about such phases and tighter constraints on fa3 can be obtained, but it is important to pursue coupling
measurements that are as model-independent as possible. On the other hand, once a non-zero value of fa3 is observed,
its phase φa3 can be measured directly from the data, as we illustrate below. While we focus on the measurement of
the CP -odd contribution fa3, we also illustrate measurements of fa2 and fΛ1, which can be performed with a similar
precision. Here fΛ1 is defined as in Eq. (4); it provides the cross section fraction that is induced by −g′′1 × (q21+q22)/Λ

2
1

anomalous coupling.

A. The e+e− → ZH process

To illustrate the above points, we considered e+e− → ZH process, with Z → ℓ+ℓ− and H → bb̄. The number of
signal events is estimated in Table I for four energies

√
s = 250, 350, 500, 1000 GeV, that are under discussion for

an electron-positron collider, and are rounded to 2000, 1500, 1000, 500 events, respectively. The effective number of
background events is estimated to be 10% of the number of signal events and is modeled with the e+e− → ZZ →
ℓ+ℓ−bb̄ process. Cross sections for several simulated signal samples are displayed in Table II. We assume that the
signal can be reconstructed inclusively by tagging Z → ℓ+ℓ− decay and using energy-momentum constraints, but
further improvements can be achieved through the analysis of the Higgs boson decay products and by considering
other Z decay final states. In view of this, our estimates of expected sensitivities are conservative.
Our analysis techniques are identical to what has been used earlier to study Higgs spin and parity in the pp →

H → ZZ process at the LHC [7, 8]. For this channel and the channels in the following subsections, the details of the
analyses are explained in Appendix B. We employ either the dedicated discriminants D0− and DCP , or the multi-
dimensional probability distribution. Several thousand statistically-independent experiments are generated and fitted
using different approaches. Detector effects and backgrounds are included either with direct parameterization of one-
or two-dimensional distributions or by exploiting certain approximations of a multidimensional model, as explained
in Appendix B.
For the e+e− case discussed in this section, we first obtained results for the sensitivity to the fractions fa2,a3 at fixed

collider energy and then expressed these constraints in terms of the parameters fdec
a2,a3. Figure 6 shows precision on fa3

and fa2 obtained with generated experiments that include background. Expected precisions of fa2,a3 measurements
are shown in Table II. As can be seen there, the expected precision on fa3 is in the range 0.03− 0.04, independent of
the e+e− collision energy. This translates to very different constraints on fdec

a3 that range from 7× 10−4 to 8× 10−6;
as we already explained, measuring a similar fraction of events caused by the pseudoscalar anomalous couplings at
higher energy means a sensitivity to a smaller value of g4. The expected precision is therefore similar to what can
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Figure 1-5. Summary of precision in fCP for HV V couplings (V = Z,W ) at the moment of 3�

measurement [125]. Points indicate central values and error bars indicate 1� deviations in the generated

experiments modeling di↵erent luminosity scenarios at proton (solid red) or e
+
e
�

(open blue) colliders.

Measurements in three topologies V H (triangles), VBF (squares), and decay H ! V V (circles) are shown.

Di↵erent energy and luminosity scenarios are indicated on the x-axis.

A study of CP -odd contribution in the ttH coupling has been studied in the context of ILC [132]. Cross-
section dependence on the coupling has been employed and an uncertainty of 0.08 (0.29) at 1000 (500) GeV
center-of-mass energy has been estimated. A beam polarization of (+0.2,�0.8) and (+0.3,�0.8) is assumed
at 1000 and 500 GeV, respectively. These estimates further improve to 0.05 (0.16) for the luminosity upgrade
of the ILC. Interpretation of a cross-section deviation as an indication of CP -odd coupling contribution is
strongly model-dependent, but allows access to anomalous ttH couplings.

Beam polarization in the photon and muon colliders would be essential for CP measurements in the ��H

and µµH couplings. Three parameters A1,A2,A3 sensitive to CP violation have been defined in the context
of the photon collider [133–135]. The A1 parameter can be measured as an asymmetry in the Higgs boson
production cross-section between the A++ and A�� circular polarizations of the beams. This asymmetry
is the easiest to measure, but it is proportional to Im (a2a⇤3) and is zero when in Eq. (1.15) a2 and a3 are
real, as expected for the two loop-induced couplings with heavier particles in the loops. A more interesting
parameter:

A3 =
|Ak|

2
� |A?|

2

|Ak|2 + |A?|2
=

2Re (A⇤
��A++)

|A++|
2 + |A��|2

=
|a2|

2
� |a3|

2

|a2|
2 + |a3|

2
= (1� 2fCP ) (1.18)

can be measured as an asymmetry between two configurations with the linear polarization of the photon
beams, one with parallel and the other with orthogonal polarizations. In Ref. [5] careful simulation of the
process has been performed. The degree of linear polarization at the maximum energies is 60% for an
electron beam of energy E0 ⇡ 110 GeV and a laser wavelength � ⇡ 1µm. The expected uncertainty on A3

is 0.11 for 2.5 · 1034 ⇥ 107 = 250 fb�1 integrated luminosity. This translates to a fCP uncertainty of 0.06.
The CP mixture study at a photon collider was also shown based on a sample of 50,000 raw �� ! h events
assuming 80% circular polarization of both electron beams [86]. This study corresponds to a A1 asymmetry
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than 10�6. This study is based on assumption of 250 fb�1 at 250 GeV and 20 fb�1 at each of three energy
points below.

Table 1-26. List of expected precision of spin and CP -mixture measurements. Spin significance is quoted

for one representative model of minimal coupling KK graviton J
P

= 2
+
m. For various e↵ective couplings,

precision is quoted on CP -odd cross-section fraction, such as fa3 defined for H ! ZZ
⇤
. Target precision

is estimated to be < 10
�5

for the modes with pseudoscalar coupling expected to be suppressed by a loop

(ZZH and WWH), while it is estimated to be < 10
�2

for fermion couplings and vector boson couplings

suppressed by a loop for both scalar and pseudoscalar (ggH, ��H, Z�H). Numerical values are given where

reliable estimates are provided, � mark indicates that some studies are done and measurement is in principle

possible or feasibility of such a measurement could be considered.

Collider pp pp e
+
e
�

e
+
e
�

e
+
e
�

e
+
e
�

�� µ
+
µ
� target

E (GeV) 14,000 14,000 250 350 500 1,000 126 126 (theory)

L (fb�1) 300 3,000 250 350 500 1,000 250

spin-2+
m

⇠10� �10� >10� >10� >10� >10� >5�

V VH
† 0.07 0.02 � � � � � � < 10�5

V VH
‡ 4·10�4 1.2·10�4 7·10�4 1.1·10�4 4·10�5 8·10�6 – – < 10�5

V VH
3 7·10�4 1.3·10�4 � � � � – – < 10�5

ggH 0.50 0.16 – – – – – – < 10�2

��H – – – – – – 0.06 – < 10�2

Z�H – � – – – – – – < 10�2

⌧⌧H � � 0.01 0.01 0.02 0.06 � � < 10�2

ttH � � – – 0.29 0.08 – – < 10�2

µµH – – – – – – – � < 10�2

† estimated in H ! ZZ
⇤ decay mode

‡ estimated in V
⇤
! HV production mode

3 estimated in V
⇤
V

⇤
! H (VBF) production mode

The CP mixture study at an e
+
e
� collider was shown based on 500 fb�1 at a centre-of-mass energy of

350 GeV and mH = 120 GeV [67]. Recent studies [123–125] compare expected performance of an e
+
e
�

collider and LHC. Precision on CP -odd cross-section fraction of 0.036 (0.044) is obtained at 250 GeV (500
GeV) scenarios. However, these fractions correspond to di↵erent fCP values in the H ! ZZ decay, due to
di↵erent relative strength of CP -odd and CP -even couplings. The corresponding precision on fCP is 0.0007
(0.00004) [123–125], assuming that no strong momentum dependence of couplings occurs at these energies.

A promising channel to study CP violation is the decay H ! ⌧
+
⌧
�. Spin correlations are possible to use in

the ⌧ decay. For example, the pion is preferably emitted in the direction of the ⌧ spin in the ⌧ rest frame.
These studies are performed in the clean e

+
e
� environment, while it is extremely di�cult in proton collisions.

Several studies have been performed, in the decays ⌧ ! ⇡⇡⌫ [127, 128], and all final states [129–131]. All
studies agree on a similar precision of about 5� for the typical scenarios in Table 1-26. The above estimate
translates to approximately 0.01 precision on fCP . The precision becomes somewhat worse with increased
collider energy due to reduced ZH production cross-section, and this technique relies on the knowledge of
the Z vertex. A recent study [128] indicates that with 3000 fb�1 at LHC, the CP phase could be measurable
to an accuracy of about 11�.
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88

The analysis was performed by fitting the observables based on the analytic calculation of Leading
Order Matrix Element describing H ! ZZ(⇤)

! 4` decays in the presence of anomalous couplings. The
final fit is based on Monte Carlo modelling of the expected signal at each bin of the (<(gi)/g1; =(gi)/g1)

plane, where gi represents g2 or g4. The irreducible ZZ background was suppressed by using a dedicated
Boosted Decision Tree discriminant.

Following the event selection and applying the fit methodology described above, the expected ex-
clusion of the non-Standard Model contributions given the Standard Model data is evaluated for 300 and
3000 fb�1. Examples of the corresponding exclusion plots are given in Figure 38. With a conservative
analysis limits of fg4

< 0.037 at 95% CL and fg2
< 0.12 at 95% CL for 3000 fb�1 are obtained. This

allows a sensitive test of the tensor structure of the H ! ZZ couplings at the HL-LHC.
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Fig. 38: Results of the g4-sensitive fits projected onto the (|g4|/g1, �g4
) plane for 3000 fb�1. The shaded

area corresponds to the most restrictive exclusion of the three observables.

2.10.2.2 Experimental constraints from production and decay in H ! Z Z
(⇤)

! 4` channel
Anomalous contributions in the spin-0 tensor structure of HVV interactions can be characterised by
coefficients a2, a3, ⇤1, and ⇤Q defined in Refs. [269, 270]. The a2 and a3 coefficients have one-to-one
correspondence with the g2 and g4 coefficients mentioned in Section 2.10.2.1. The contribution to the
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1.4 Study of CP -mixture and spin 33

than 10�6. This study is based on assumption of 250 fb�1 at 250 GeV and 20 fb�1 at each of three energy
points below.

Table 1-26. List of expected precision of spin and CP -mixture measurements. Spin significance is quoted

for one representative model of minimal coupling KK graviton J
P

= 2
+
m. For various e↵ective couplings,

precision is quoted on CP -odd cross-section fraction, such as fa3 defined for H ! ZZ
⇤
. Target precision

is estimated to be < 10
�5

for the modes with pseudoscalar coupling expected to be suppressed by a loop

(ZZH and WWH), while it is estimated to be < 10
�2

for fermion couplings and vector boson couplings

suppressed by a loop for both scalar and pseudoscalar (ggH, ��H, Z�H). Numerical values are given where

reliable estimates are provided, � mark indicates that some studies are done and measurement is in principle

possible or feasibility of such a measurement could be considered.

Collider pp pp e
+
e
�

e
+
e
�

e
+
e
�

e
+
e
�

�� µ
+
µ
� target

E (GeV) 14,000 14,000 250 350 500 1,000 126 126 (theory)

L (fb�1) 300 3,000 250 350 500 1,000 250

spin-2+
m

⇠10� �10� >10� >10� >10� >10� >5�

V VH
† 0.07 0.02 � � � � � � < 10�5

V VH
‡ 4·10�4 1.2·10�4 7·10�4 1.1·10�4 4·10�5 8·10�6 – – < 10�5

V VH
3 7·10�4 1.3·10�4 � � � � – – < 10�5

ggH 0.50 0.16 – – – – – – < 10�2

��H – – – – – – 0.06 – < 10�2

Z�H – � – – – – – – < 10�2

⌧⌧H � � 0.01 0.01 0.02 0.06 � � < 10�2

ttH � � – – 0.29 0.08 – – < 10�2

µµH – – – – – – – � < 10�2

† estimated in H ! ZZ
⇤ decay mode

‡ estimated in V
⇤
! HV production mode

3 estimated in V
⇤
V

⇤
! H (VBF) production mode

The CP mixture study at an e
+
e
� collider was shown based on 500 fb�1 at a centre-of-mass energy of

350 GeV and mH = 120 GeV [67]. Recent studies [123–125] compare expected performance of an e
+
e
�

collider and LHC. Precision on CP -odd cross-section fraction of 0.036 (0.044) is obtained at 250 GeV (500
GeV) scenarios. However, these fractions correspond to di↵erent fCP values in the H ! ZZ decay, due to
di↵erent relative strength of CP -odd and CP -even couplings. The corresponding precision on fCP is 0.0007
(0.00004) [123–125], assuming that no strong momentum dependence of couplings occurs at these energies.

A promising channel to study CP violation is the decay H ! ⌧
+
⌧
�. Spin correlations are possible to use in

the ⌧ decay. For example, the pion is preferably emitted in the direction of the ⌧ spin in the ⌧ rest frame.
These studies are performed in the clean e

+
e
� environment, while it is extremely di�cult in proton collisions.

Several studies have been performed, in the decays ⌧ ! ⇡⇡⌫ [127, 128], and all final states [129–131]. All
studies agree on a similar precision of about 5� for the typical scenarios in Table 1-26. The above estimate
translates to approximately 0.01 precision on fCP . The precision becomes somewhat worse with increased
collider energy due to reduced ZH production cross-section, and this technique relies on the knowledge of
the Z vertex. A recent study [128] indicates that with 3000 fb�1 at LHC, the CP phase could be measurable
to an accuracy of about 11�.
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HE-LHC. The Higgs rest frame angle � between the decay planes of the two intermediate gauge bosons
is very sensitive to the CP-Violating V V H couplings [248, 249, 250, 251]. We have considered 50 bins
of �-distribution to perform the fit at differential level. For each bin, we calculate the signal strength
(µ4`,j ; j = 1 ! 50) corresponding to Eq. 36. Unlike µ4` in Eq. 36, µ4`,j is also sensitive to linear terms
in c̃Z� and c̃ZZ .

2.10.1.3 Result: HL and HE-LHC Analyses
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Fig. 36: �2 dependence on CP-violating parameters taking one parameter non-zero at a time at HL-LHC
(3 ab�1, green) and HE-LHC (15 ab�1, blue) for uncertainty scenario S1. The solid lines refer to the fit
performed using H ! 4` decay width at inclusive level (1 bin) while, the dashed lines refer to the fit
obtained using H ! 4` decay width at differential level (�-distribution with 50 bins).

The results of the �2 fit for CP-violating parameters c̃Z� and c̃ZZ are displayed in Fig. 36 and
Fig. 37. In these results, incl. refers to the fit obtained using the partial decay width information in
the H ! 4` channel, while diff. refers to the fit obtained using �-distribution in H ! 4` decay. In
Fig. 36, we show 1� and 2� bounds on c̃Z� and c̃ZZ in a one parameter (1P) analysis. We find that at
HL-LHC we are more sensitive to c̃Z� than to c̃ZZ . At the inclusive level we gain better sensitivity on
c̃ZZ than on c̃Z� when going from HL-LHC to HE-LHC. This is mainly due to a stronger dependence of
the production signal strength on parameter c̃ZZ . However, due to a stronger dependence of µ4` on c̃Z�

the effect of using �-distribution in the fit is larger for c̃Z� than for c̃ZZ .
In Fig. 37, we provide 1� contour lines in the c̃Z� � c̃ZZ plane. We can see that the parameters

c̃Z� and c̃ZZ are weekly correlated. Once again we find that using �-distribution in the fit improves our
sensitivity on CP-violating parameters significantly. The parameter c̃ZZ is mainly constrained by the
production channels V H and VBF. We have given a summary of 1� bounds on c̃Z� and c̃ZZ obtained
from our analyses for HL and HE-LHC in Table 46.

2.10.1.4 h ! ⌧+⌧�

The most promising direct probe of CP violation in fermionic Higgs decays is the ⌧+⌧� decay channel,
which benefits from a relatively large ⌧ Yukawa giving a SM branching fraction of 6.3%. Measuring
the CP violating phase in the tau Yukawa requires a measurement of the linear polarisations of both ⌧
leptons and the azimuthal angle between them. This can be done by analysing tau substructure, namely
the angular distribution of the various components of the tau decay products.

The main ⌧ decay modes studied include ⌧±
! ⇢±

(770)⌫, ⇢±
! ⇡±⇡0 [252, 253, 254, 255, 256,

257] and ⌧±
! ⇡±⌫ [258, 259, 260]. Assuming CPT symmetry, collider observables for CP violation

must be built from differential distributions based on triple products of three-vectors. In the first case,
h ! ⇡±⇡0⇡⌥⇡0⌫⌫, angular distributions built only from the outgoing charged and neutral pions are

83

|�g,� | ⌧ 1. The only way to accommodate such a constraint within explicit strongly-coupled models
seems to be via fine tuning.

Overall, the SILD scenario — and all scenarios based on a non-linear realisation of the EW sym-
metry — suffers from a major drawback compared to the SILH: the SM is recovered by tuning several
(often uncorrelated) parameters. This is because the former do not possess a simple decoupling mech-
anism (analogous to the ⇠ ! 0 limit in the SILH) that switches off the new physics corrections to
precision data as well as cV,y,g,� . The simultaneous non-observation of new physics at the TeV scale and
of deviations from the SM in the future LHC upgrades would then unambiguously prove that the Higgs
boson must be the missing component of the doublet responsible for EW symmetry breaking. In such a
situation the only compelling realisation of the CH paradigm is represented by the SILH class.

2.10 Probing of anomalous HVV interactions
2.10.1 Probes using differential distributions of CP sensitive observables29

We present prospects for studies on CP-odd couplings in the interactions of the Higgs boson with the
electroweak gauge bosons as well as in the Yukawa couplings of the Higgs boson with fermions, in
particular with ⌧+⌧� pairs.

2.10.1.1 CP-odd V V H couplings
While a large number of studies assessing the impact of CP-even effective operators on Higgs physics
is available in the literature (see for instance our analysis in Ref. [245] and the references therein), the
present analysis is focused on the impact of CP-odd effective operators on the interactions among the
Higgs boson and the electroweak bosons. In the Higgs basis, the CP-violating (CPV) sector of the BSM
Lagrangian affecting V V H couplings is given by,

LCPV =
H

v

h
c̃��

e2

4
Aµ⌫Ã

µ⌫
+ c̃Z�

e
q

g2
1 + g2

2

2
Zµ⌫Ã

µ⌫
+ c̃ZZ

g2
1 + g2

2

4
Zµ⌫Z̃

µ⌫
+ c̃WW

g2
2

2
W+

µ⌫W̃
�µ⌫

i
(21)

where, g1 and g2 are the U(1)Y and SU(2)L gauge coupling constants. Out of the above four parameters,
only three are independent. In particular,

c̃WW = c̃ZZ + 2s2
✓ c̃Z� + s4

✓ c̃�� . (22)

The processes which are sensitive to CP-odd operators are the Higgstrahlung processes (WH and
ZH), the vector boson fusion (VBF) and the Higgs decay into four charged leptons (H ! 4`). Here we
focus on angular observables which are sensitive to CPV effects. Indeed, since the total cross-section is
a CP-even quantity, the 1/⇤

2 effects of CPV operators can affect the shape of some specific kinematic
distributions only.

2.10.1.2 Global Fit
To study the sensitivity on CP-violating parameters c̃Z� and c̃ZZ at HL and HE-LHC, we perform a �2

fit using, as observable, the signal strength (µi,f ) in the Higgs production channel (i) and Higgs decay
channel (f ). We can build a �2 as follows:

�2
(c̃Z� , c̃ZZ) =

X

i,f

(µi,f � µobs.
i,f )

2

�
2
i,f

(23)

29 Contacts: S. Boselli, C. M. Carloni Calame, G. Montagna, O. Nicrosini, F. Piccinini, A. Shivaji, F. Yu, M. M. Llacer
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Table 45: Estimated uncertainties [%] on the determination of single-Higgs production channels in H !

4` decay mode. These are CMS projections for high-luminosity LHC (14 TeV centre of mass energy and
3 ab�1 integrated luminosity) in scenario S1 (systematic uncertainties are kept constant with luminosity)
taken from Ref. [139].

Process Combination Statistical Theory (Sig.) Theory (Bkg.) Experimental

H ! ZZ

ggF 6.6 2.1 5.4 1.7 2.7
VBF 15.2 11.7 9.1 2.4 1.8
WH 48.0 46.5 6.2 2.8 7.8
ZH 82.5 75.7 27.0 7.6 16.4
ttH 26.9 23.6 10.9 2.5 4.2

The signal strength, µi,f is a function of the BSM parameters and it is defined as,

µi,f = µi ⇥ µf (24)

=
�BSM

i

�SM
i

⇥
BR

BSM
f

BR
SM
f

. (25)

The total uncertainty, �
2
i,f includes theoretical, experimental systematic and statistical uncertain-

ties, which are added in quadrature. The one-sigma uncertainties for the high-luminosity (14 TeV centre
of mass energy and 3 ab�1 integrated luminosity) are given in table 45. Assuming the same acceptance
efficiency, we scale the statistical uncertainties at 14 TeV and 3 ab�1 luminosity appropriately to ob-
tain the statistical uncertainties at 27 TeV and 15 ab�1 luminosity. The theoretical and experimental
systematic uncertainties are kept unchanged.

When considering kinematic distributions in the fit, we estimate the statistical uncertainty in each
bin by scaling the overall statistical uncertainty by the fraction of number of events in each bin. On
the other hand, the theoretical and systematic uncertainties are assumed to be the same in all the bins
implying a very conservative scenario.

Since we are interested in the sensitivity on the CPV parameters that can be reached at HL and
HE LHC, due to the present lack of experimental data, we take µobs.

i,f = 1, implying that the future data
would be consistent with the SM hypothesis. In the current analysis, we consider all the single Higgs
production channels and Higgs decaying to four charged-leptons, i.e i = ggF, VBF, ZH, WH, tt̄H and
f = 4`(2e2µ, 4e, 4µ). The projected uncertainties in these channels for HL-LHC are given in table 45.
All the results in the following sections are presented taking MH =125 GeV.

Production signal strengths : Inclusive

The first step is to calculate the signal strengths for the relevant production channels in presence
of the CP-violating parameters c̃Z� and c̃ZZ . We use Madgraph5_aMC@NLO [79] to obtain the inclusive
cross sections in presence of these parameters. We have generated the required UFO model file for
Madgraph using the FeynRules package [246, 247]. At 14 TeV, the production signal strengths are
given by,

µ14TeV
ZH = 1.00 + 0.54 c̃2

Z� + 2.80 c̃2
ZZ + 0.95 c̃Z� c̃ZZ (26)

µ14TeV
WH = 1.00 + 0.84 c̃2

Z� + 3.87 c̃2
ZZ + 3.63 c̃Z� c̃ZZ (27)

µ14TeV
VBF = 1.00 + 0.25 c̃2

Z� + 0.45 c̃2
ZZ + 0.45 c̃Z� c̃ZZ (28)

81

— Global fits also target CP-odd couplings — be careful to interpret yield as CP…
CP-even CP-odd
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Decay:    at   and H → τ+τ− e+e− pp
Decay approach generally the same for all facilities, statistics-limited

Polarization in  for CP in  H → τ+τ− Hff

— the only CP in    at    Hff e+e− s < 500 GeV

—   benefits from clean environment e+e−

— reach      at HL-LHC fCP ∼ 0.04 (α ∼ 11∘)

— reach      at    ref. lumifCP ∼ 0.008 (α ∼ 5∘) e+e−

 pheno studies at Snowmass-2013: arXiv:1308.2674 e+e−

  pheno studies at Snowmass-2013: arXiv:1308.1094 pp

The interaction of a Higgs boson h of arbitrary CP nature to t leptons is described by the
Yukawa Lagrangian

LY =�(
p

2GF)
1/2

mt (at t̄t +bt t̄ig5t)h , (3)

where GF denotes the Fermi constant and at , bt are the reduced dimensionless t Yukawa
coupling constants. In order to be able to compare with other studies in the literature, we use
in the following sections, instead of (3), the equivalent parameterization

LY =�gt (cosf t̄t + sinf t̄ig5t)h , (4)

where gt is the effective strength of the Yukawa interaction and f describes the degree of
mixing of the scalar and pseudoscalar component:

gt = (
p

2GF)
1/2

mt

q
a2

t +b2
t , tanf =

bt
at

. (5)

In the following sections, we take into account the main 1- and 3-charged prong t decay
modes:

t ! l +nl +nt , l = e,µ , (6)

t ! p +nt , (7)

t ! r +nt ! p +p0 +nt , (8)

t ! a1 +nt ! p +2p0 +nt , (9)

t ! a
L,T
1 +nt ! 2p±+p⌥+nt . (10)

The decay mode (10), in fact a 3-prong t decay with three charged pions, will also be called
‘1-prong’ because the track, i.e., the 4-momentum of the a

±
1 resonance can be obtained from

the 4-momenta of the three charged pions. Moreover, by using known kinematic distributions,
the longitudinal (L) and transverse (T ) helicity states of the a1 resonance can be separated
[41–44]. Thus, the t�t+ decays that we analyze are of the form (2) with a,a0 as specified
below (2).

The observables that we use to determine the CP nature of h in its t decays are based
on t-spin correlations [9, 21, 32, 33, 35]. The charged lepton l = e,µ in (6), the charged
pion in (7) - (9), and the a

L,T
1 in (10) act as t-spin analyzers. The t-spin analyzing power is

maximal for the direct decays to pions, t⌥ ! p⌥, and for t⌥ ! a
L,T,⌥
1 . For a

L�
1 and a

T�
1 it

is +1 and �1, respectively. For the decays (6), (8), and (9), the t-spin analyzing power of l
⌥

and p⌥ depends on the energy of these particles, cf. Appendix A. We will apply cuts on the
respective energy to optimize the t-spin analyzing power.

The differential cross section of the production process (1) and subsequent decay (2) can
be derived from Eq. (4) of [35]. For a Higgs boson of arbitrary CP nature it is given by

dŝ = Nt |Ma�a0+ |
2
dWZ dWt dEa�dWa�dEa0+dWa0+/(2p) (11)

⇥ n(Ea�)n(Ea0+){A�b(Ea�)b(Ea0+)
⇥
c1q̂� · q̂++ c2k̂ · q̂�k̂ · q̂++ c3k̂ · (q̂�⇥ q̂+)

⇤
},
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Figure 1: Left side: Normalized distribution of j⇤
CP

for t�t+ ! p+p�+ 2n . The red solid line, the

black dotted line, and the black dashed line show the distributions for a CP-even Higgs boson (f = 0),
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where q̂⇤
� is the normalized a

� momentum in the a
�

a
0+ ZMF, allows for an unambiguous

determination of the CP nature of h [33]. If h is a mixture of a CP-even and -odd state,
the distribution of (14) is asymmetric with respect to O

⇤
CP

= 0. In order to determine
the ratio bt/at of the reduced Yukawa couplings (3) or, equivalently, the mixing angle f
defined in (5), one would fit theoretical predictions for s�1

ds/dj⇤ and s�1
ds/dO

⇤
CP

to the corresponding measured distributions. In addition, associated asymmetries can be
measured. Some results of this approach, applied to the reactions (1), (2), were presented in
the workshop report [38].

Here we use a slight variation of our approach just outlined. Instead of using both the
distribution of the ‘unsigned’ angle j⇤, Eq. (13), which is defined in the range 0  j⇤  p ,
and of O

⇤
CP

, the same information is of course contained in the distribution of the ‘signed’
angle between the t� ! a

� and t+ ! a
0+ decay planes in the a

�
a
0+ ZMF. This angle which

will be called j⇤
CP

in the following and that varies between 0 and 2p is obtained by the
following prescription:

j⇤
CP

=

(
j⇤

i f O
⇤
CP

� 0 ,
2p �j⇤

i f O
⇤
CP

< 0 .
(15)

In terms of this angle the triple correlation (14) O
⇤
CP

= sinj⇤
CP

. The distribution of (15) is
given by (12) with j ! j⇤

CP
.

In order to illustrate the discriminating power of (15), we consider the h! t�t+ ! p�p+

decay mode. The normalized distribution of j⇤
CP

for this decay channel is shown on the left
side of Fig. 1. The red solid line shows the distribution for a pure CP-even Higgs boson (f =

5

— will benefit from ATLAS and CMS studies… 

https://arxiv.org/abs/1308.2674
https://arxiv.org/abs/1308.1094


Andrei Gritsan, JHU 18 June 24, 2020

Summary and Plans

— Snowmass-2013 is already a good starting point

Higgs CP is a good reference measurement for Snowmass-2021

— sharpen theoretical expectations / models

Benefit from the past 7 years + 1 year ahead of us…

— connect to broader EFT

— recent ATLAS & CMS analyses provide good guide for  pp

HWW, HZZ
HZγ, Hγγ, Hgg
Htt, Hττ, Hμμ

— comparison to  may be improved e+e−

—  &  date back to Snowmass-2001, but may be not a priority…γγ μ+μ−

Focus on CP in:

&  think about anything else…

— dominant tree-level   HVV
— loop  with massless  HVV V
— fermion Hff


